Levels of endogenous abscisic acid (ABA) in wild type were not required for the synthesis of heat shock proteins in detached leaves of tomato (Lycopersicon esculentum Mill., cv Ailsa Craig). Heat-induced alterations in gene expression were the same in the ABA-deficient mutant of tomato, flacca, and the wild type. Heat tolerance of the mutant was marginally less that the wild type, and in contrast, ABA applications significantly reduced the heat tolerance of wild-type leaves. It was concluded that elevated levels of endogenous ABA are not involved in the tomato heat shock response.
ABA regulates many plant responses to the environment. Some of the functions of endogenous ABA have been demonstrated using mutants that are deficient in ABA. These mutants have impaired stomatal function (18) , do not accumulate drought-induced gene products (3, 6) , and do not develop cold hardiness (12) as a direct result of reduced ABA levels. Exogenous ABA treatments have been used to demonstrate the possible range of responses to the environment that ABA may control. ABA application enhances adaptation to various stresses such as recovery from heat shock, induction of freezing resistance in cell cultures, and acceleration of adaptation of cultured cells to salt stress (1, 19) . These results have led to the suggestion that ABA is a stress hormone and that it regulates stress responses common to many environmental stresses (2) .
The concentration of ABA increases in response to environmental stress. The greatest increase in ABA concentration has been observed in response to drought stress, yet other osmotic stresses such as salinity and PEG-mediated water deficit also result in elevated levels of ABA ( 19) . Temperature also has an effect on endogenous ABA levels (8) . However, the effect of a rapid increase in temperature or heat shock on leaf ABA concentration has not been widely studied (13) .
ABA applications mimic many changes in gene expression that occur elevated endogenous ABA levels result in the expression of specific polypeptides (3) and mRNAs (6) . Flacca synthesizes reduced amounts of ABA during drought stress as a result of a block in its ABA biosynthetic pathway (19) , and as a result of these reduced ABA levels, specific changes in gene expression that occur in the WT2 during drought stress do not occur in the ABA-deficient mutant. When ABA is applied to the mutant, these drought-induced changes in gene expression do occur. Therefore, elevated levels of ABA are required for these specific changes in gene expression in tomato leaves during drought stress (3, 6) .
Characteristic changes in gene expression occur in response to a rapid increase in temperature resulting in the synthesis of HSPs (15) . Many HSP genes are induced only in response to high temperature; however, the accumulation of several specific HSP mRNAs also occurs in response to other stresses and the application of plant hormones (7, 1 1). For example, HSP70 mRNA was detected after ABA was fed to maize mesocotyls (1 1).
The role of endogenous ABA in the heat shock response of tomato leaves was investigated in this study. The through the cut end of the leaflet in a volume of 3 utL. A 2-h period of incubation followed at 420C. Leaflets were then frozen in liquid N2. Nonstress treatments were completed at 250C.
The heat tolerance ofleaves of WT,flacca, and ABA-treated WT was determined. For the heat tolerance assay of both genotypes, leaves were detached, and leaflets were removed and placed in a beaker of water. To test the effect of applied ABA on heat tolerance, the petioles were placed in 10 gM ABA in 50 mm sucrose overnight. Nontreated control leaves were incubated in 50 mm sucrose overnight. For heat treatments, leaflets were transferred to a beaker of water equilibrated to 43.50C in a water bath, and discs were sampled at specified time intervals. For the heat tolerance assays, 43.50C was used to accelerate the rate of injury.
The TTC assay (5) was used to evaluate the heat tolerance and measures the ability of the plant to reduce TTC. Each leafdisc was placed in 1 mL of0.8% TTC in 0.05 M potassium phosphate buffer (pH 7.5). The discs were infiltrated for 20 min under vacuum and incubated in the dark for 14 to 18 h. The TTC solution was removed and the leafdiscs were rinsed with water. The leaf discs were extracted in 3 mL of 95% ethanol for 1 h at 65°C and the A530 was determined. Assays were also completed on discs that had been frozen for 1 h at -80'C, and this value was subtracted from all data points to correct for reduction by nonliving cells. TTC values are reported as a percentage of leaf discs that were not heat shocked (5) . Protein Analysis and ABA Quantification Proteins were extracted from the labeled leaflets, separated by two-dimensional PAGE, and visualized as described by Bray (4) . ABA was quantified using a competitive ABA radioimmunoassay (4).
RESULTS AND DISCUSSION
Heat shock and other environmental stresses alter gene expression. It is of interest to determine the signaling mechanism that regulates these alterations in gene expression during stress. ABA has been identified as an endogenous signal that is involved in the regulation of several environmentally induced genes (3, 6, 17) . Boussiba et al. (2) proposed that ABA is a signal that is common to many environmental stresses. With respect to heat stress, application of ABA has been shown to induce the expression of two heat shock genes, pCE54 (7) and HSP70 (1 1). In addition, ABA treatments have been shown to increase heat tolerance (1) . Therefore, it is important to determine whether endogenous ABA is involved in the regulation of the heat shock response.
HSP Synthesis in Tomato
The synthesis of HSPs was observed in tomato leaflets that were placed at 420C for 2 h and were supplied L-[35S]methionine for an additional 2 h at 42°C. Polypeptides were extracted and separated by two-dimensional PAGE. The pattern of polypeptide synthesis was markedly affected by elevated temperature. The synthesis of the majority of the polypeptides at 25°C was repressed at 42°C. However, at least five polypeptides were synthesized to the same extent at 25 and 42°C (Fig.  1, A and C) . At least 32 polypeptides were synthesized during heat shock in detached tomato leaflets that were not detected at 25°C (Fig. 1, B and D) . Fifteen polypeptides <30 kD (LMW polypeptides) were identified after 4 h at 42°C (Fig. 1, B and  D) . A few of the circled areas may actually contain more than one polypeptide. There were approximately nine polypeptides >30 and <60 kD (MMW polypeptides) (Fig. 1, B and D) . Seven major polypeptides >60 kD (HMW polypeptides) were observed (Fig. 1, B and D) . Two groups of polypeptides with pIs ranging from approximately 4 to 5.5 were synthesized, one at approximately 70 kD and the other at approximately 83 kD (Fig. 1, B and D) . These are probably the ubiquitous HSP70 and HSP83-84.
In many ways the heat shock response of tomato is typical; the synthesis of proteins that accumulate at 25°C declined and the synthesis of HSPs increased (7, 15) . Mansfield and Key (14) observed that there were two classes of HSPs, those that were synthesized only during heat shock and those that could be detected at low levels in control tissues. Yet, in tomato, there were no major HSPs that were synthesized at 25°C. Mansfield and Key (14) also observed that the major group of HSPs in plants were <30 kD. Tomato, specifically cv Ailsa Craig, differs slightly from other plants in that HMW and LMW HSPs are both abundant. Fender and O'Connell (9) observed that HSP70 and HSP84 were the most abundant HSPs in the tomato cv UC82.
The mol wts of a few of the LMW HSPs were similar to those observed in response to water deficit in detached tomato leaves (4) . To determine whether these were the same polypeptides, extracts from drought-stressed and heat-shocked leaflets were separated in the same gel. The polypeptides that appeared to be of similar size and pI were resolved into two separate polypeptides (data not shown). Therefore, HSPs are unique to heat shock in tomato. Guerrero and Mullet (10) , however, found that several heat-induced polypeptides of pea were similar to drought-induced polypeptides.
HSP Synthesis Was Not Altered in the ABA-Deficient Mutant
Comparisons of polypeptide synthesis during heat treatments of two genotypes of tomato, an ABA-deficient mutant, flacca, and its WT cv Ailsa Craig, demonstrated that there were no qualitative differences between HSPs that were synthesized in the WT and mutant, with one exception (Fig. 1,  B and D) . The polypeptides indicated by a circle (Fig. 1, B and D) at 23 kD and pI 5.8 may contain a polypeptide in the WT that is not present in flacca. The relative levels of all of the HSPs were also similar. These results indicated that levels of ABA in WT were not required for changes in gene expression that occurred during heat shock of detached tomato leaves. This is analogous to results obtained with an ABAdeficient mutant ofArabidopsis in response to cold stress (12) . The same cold-induced polypeptides are observed in both genotypes. This is in contrast to results obtained in response to water deficit in which a set of water deficit-induced polypeptides required WT levels of ABA for expression (3). These results indicate that with regard to changes in protein synthesis the role of ABA during water deficit is distinct from any role it may have during temperature stress.
Most heat shock mRNAs are synthesized only in response to heat shock. Heikkila et al. ( 11) compared protein synthesis during heat shock, water stress, and ABA treatments and found that the majority of proteins synthesized during heat and water stress are independent of each other. However, there are several other stresses that mimic heat stress, although the level of HSP expression is usually not as high. For example, all heat-induced cDNAs identified by Czarnecka et al. (7) are induced by arsenite and cadmium, and ABA applications induce expression of HSP70 and a LMW heat shock mRNA, pCE54 (7, 1 1). Unlike the other cDNAs, pCE54 is induced by a wide variety of different abiotic stresses (7) . In tomato, none of the HSPs required the level of ABA that was present in WT for expression, and none of the HSPs were the same as water deficit-induced polypeptides. Therefore, these two environmental stresses each have unique characteristics.
ABA Levels in Response to Heat Shock
Heat shock did not result in increased ABA levels oftomato leaflets. Heat treatments at 43.5°C did not significantly alter the ABA level during a 100-min period ofheat stress, although there was a trend toward a decline in ABA levels in response to heat in both genotypes (Table I ). There were significant differences among the two genotypes. Before stress, the level of ABA in flacca was 50% of WT (3, 16) . The ABA level of the mutant remained approximately 50% of WT until 100 min when the level of ABA in the mutant was threefold less than the WT. Although it is well known that ABA levels increase in response to many environmental stresses, changes in ABA levels had not previously been determined in response to a 2-h heat shock. These results indicate that heat and osmotic stress are also distinct from each other in terms of ABA accumulation and that elevated ABA concentration is not the signal for HSP accumulation.
Heat Tolerance of the WT and ABA-Deficient Mutant
The ABA-deficient mutant, flacca, was also used to determine whether WT levels of ABA were required for heat tolerance. Heat tolerance was measured using the TTC assay. The TTC assay was chosen for these studies based on the results of Chen et al. (5) . They verified the TTC assay for tomato with a conductivity test and with neutral red vital staining. Growth assays could not be used to compare the heat tolerance ofthe two genotypes because oftheir difference in growth rate even without a stress.
The heat tolerance of the WT was slightly greater than that of the ABA-deficient mutant with marginal statistical signifi- (Fig. 2A) . The time to reach a 50% decrease in TTC reduction for the WT was 49 min and the ABA-deficient mutant was 43 min. Therefore, the mutation leading to ABA deficiency had a small effect on the ability ofleaflets to tolerate heat shock. This difference in heat tolerance may be a direct effect of ABA or an indirect effect. In response to low temperature stress, the ABA-deficient mutant of Arabidopsis is also slightly less tolerant and is not able to develop cold hardiness ( 12) .
ABA Application to Detached Tomato Leaves Did Not Improve Heat Tolerance ABA application for 1 to 4 d improved the tolerance of heat stress of maize seedlings (1) . In the experiments reported here, when 10 AM ABA was applied to detached leaves overnight, the leaflets had a statistically significant lower tolerance of heat (Fig. 2B) . Therefore, the trend toward a slightly improved heat tolerance in a genotype with a twofold greater level of ABA was not mimicked by ABA treatments to the WT. When ABA was shown to improve heat tolerance, ABA . Heat tolerance at 43.5°C of (A) WT and flacca leaflets and (B) WT leaves that were or were not treated with 10 lM ABA for 16 h before heat treatments. Heat tolerance was estimated by a TTC reduction assay. The heat injury time (time to reach a 50% decrease in TTC reduction) was estimated from these assays. A, n = 16; P = 0.07 for genotype differences. B, n = 12; P = 0.01 for treatment differences.
treatments were conducted on whole seedlings (1) ; it is unknown whether roots are required for alteration of heat tolerance by ABA. The response of plants to heat is different from many other environmental stresses. First, protein synthesis that occurs at normal temperatures is drastically altered by heat shock (15) . Second, WT levels of ABA were not required for heat-induced protein accumulation as is the case for drought-induced proteins (3). Third, ABA levels did not increase in response to heat treatments. These studies indicate that ABA does not play a major role in the heat tolerance of detached tomato leaves.
